ABSTRACT A downlink (DL) precoding scheme that needs no DL training nor uplink (UL) feedback for massive MIMO systems operated under frequency-division duplex (FDD) is proposed, whereas most of the schemes in the literature were proposed to compress the overhead of training and feedback. Due to the above advantage, the proposed scheme is suitable for extremely low-latency applications. This scheme exploits angle reciprocity of FDD systems to enable the base station to acquire partial DL channel state information through a previous UL signaling. A joint user grouping and beamforming optimization method without DL training and UL feedback is proposed to enhance spectral efficiency and mitigate interference between multiple UEs during DL data transmission. Simulation results suggest that the proposed scheme possesses a comparable performance to a number of previous grouping-based schemes that require DL training and UL feedback.
I. INTRODUCTION
Massive MIMO [1] has become a crucial technology for enhancing spectral efficiency and energy efficiency of future wireless communication systems [2] . Although time-division duplex (TDD) is mainly adopted in the literature concerning massive MIMO, frequency-division duplex (FDD) is more suitable for delay-sensitive services [3] , and it is widely deployed by the existing communication systems. The major challenge of FDD massive MIMO is reducing the overhead of downlink (DL) training and uplink (UL) feedback [4] , [5] .
Recently, many precoding and channel estimation schemes with reduced overhead for channel state information (CSI) acquisition are proposed [6] - [12] . Fundamentally, these schemes enjoyed low-rank channel properties or channel sparsity [13] , and they can be classified into the following three categories. First, the methods in [6] and [7] assumed that the base station (BS) possesses the DL channel covariance matrices (CCMs) of every user equipments (UEs). Accordingly, the BS performs eigen-beamforming to shrink the channel size and mitigate interference between UEs during DL transmission. The second category exploits sparsity properties of instantaneous massive MIMO channels, and applies compressed sensing techniques to scale down channel dimensions [8] , [9] . Consequently, the length of training sequences as well as the duration of UL feedback are shortened. Finally, the methods in the third category utilize angle reciprocity, in terms of the reciprocity between the UL angle-of-arrival (AoA) and the DL angle-of-departure (AoD) of a ray, to compress CSI acquisition overhead [10] - [12] . Notably, these methods all require DL training and UL CSI feedback, which result in more round-trips between the BS and UEs than what TDD massive MIMO possesses. This implies longer latency of DL transmission.
In this paper, a multi-user DL precoding scheme that requires no DL training and UL CSI feedback is proposed. The proposed scheme also needs no information of either UL or DL CCMs of UEs. In contrast with the conventional FDD-based precoding schemes that require training and feedback, the proposed one is more suitable for extremely lowlatency applications. It is called beam-time block coding (BTBC) because space-time block coding (STBC) [14] and directional beamforming are exploited. The targeted directions of beamforming are obtained by the BS during a previous UL signaling based on angle reciprocity of FDD systems, as suggested in [10] - [12] . A joint UE grouping and beamforming optimization method that aims at enhancing spectral efficiency and mitigating interference between UEs in BTBC systems is proposed. The proposed method needs neither DL CCMs nor instantaneous DL CSI of UEs, whereas the existing UE grouping, scheduling, and beamforming methods proposed in [15] - [17] need at least one of them. Simulation results, as will be shown in Section V, suggest that the proposed scheme bears comparable bit error rate (BER) performance to previous grouping-based precoding schemes, which require training and feedback.
A. RELATED WORKS
The precoding schemes that are closely related to the proposed one are listed and introduced as follows.
1) DL PRECODING WITHOUT CSI FEEDBACK
In a previous work [18] , a scheme that requires no DL training and UL feedback was proposed. It also took advantage of angle reciprocity for the BS to acquire partial DL CSI, and adopted a robust beamforming design as well as STBC-based data encoding. Since STBC techniques are sensitive to interference [19] , it was assumed that UEs served by the BS were spatially separated. Consequently, interference between these UEs was mitigated through beamforming. However, this assumption barely holds when the number of UEs increases.
2) UE GROUPING-BASED PRECODING WITH ANGLE RECIPROCITY
In [11] , a precoding scheme was proposed to mitigate interference during DL transmission and DL training by exploiting UE grouping and scheduling. The UEs in the same group are required to be spatially separated, and the BS serves them simultaneously by using maximum-ratio transmission (MRT) with mutually orthogonal beams. This scheme also required no CCMs of UEs in either DL or UL for data precoding. Angle reciprocity was utilized to represent the channel as a sparse format, called spatial basis expansion model (SBEM), so that the overhead of DL training and UL feedback was significantly reduced.
3) UE GROUPING-BASED PRECODING WITH DL CCMS
Joint spatial division and multiplexing (JSDM) [6] exploits UE grouping to scale down the overhead of DL training and UL feedback. A number of UE grouping methods that require the information of DL CCMs were proposed in [15] - [17] . After UE grouping, approximate block diagonalization based on DL CCMs in [6] , [15] , and [17] is adopted for prebeamforming design that mitigates interference between UEs in different groups. However, acquiring accurate estimates of DL CCMs for all of the UEs is considered very difficult for massive MIMO, since the acquisition overhead increases proportionally to the channel dimension [13] , [20] . To increase system throughput, UE scheduling methods that require the instantaneous DL CSI after pre-beamforming have been proposed in [16] and [17] .
B. SUMMARY OF THE BTBC SCHEME
BTBC enables an FDD massive MIMO BS to serve multiple UEs in DL without training and CSI feedback, since the angular information of DL channels can be obtained by utilizing a previous UL signaling based on angle reciprocity. This advantage is beneficial to scaling down round-trip latency. STBC-based data encoding is adopted to enhance the robustness of DL transmission; UE grouping and directional beamforming are exploited to mitigate interference even though full DL CSI is not available at the BS. Specifically, UEs that are spatially separated are gathered into a group. Then, the BS beamforms the encoded data symbols to these UEs simultaneously in a time frame, and so on and so forth. However, a large number of UEs inevitably leads to decreased spectral efficiency because many time frames are required. Hence, a joint UE grouping and beamforming optimization method is proposed to enhance spectral efficiency and mitigate interference. The advantages of the proposed joint optimization method are listed as follows.
• The proposed joint optimization method does not need the information of DL CCMs, and instantaneous DL CSI, whereas at least one of them is required by the existing UE grouping, scheduling, and beamforming methods proposed in [15] - [17] .
• The proposed joint optimization method is applicable to scenarios with a large number of UEs, e.g., up to a quarter of the number of BS antennas.
• The number of UE groups is minimized, which yields the minimization of the required time frame number. Moreover, a grouping criterion that leads to interference mitigation is derived. In contrast with the criterion used in [11] that also assures interference mitigation, the derived one usually results in a fewer number of groups.
• The proposed beamforming method induces less interference between UEs in the same group than the beamsteering method does, which is used in [10] - [12] . In other words, applying the proposed method results in better UE grouping, since it allows more UEs to be gathered into a group without inducing severe interference. However, the proposed beamforming method imposes a greater energy cost on the beamformers than beamsteering does.
• The proposed joint optimization algorithm minimizes the energy of beamformers while computing a UE grouping solution with the minimum number of groups.
C. ORGANIZATION AND NOTATIONS
The remainder of this paper is organized as follows. Section II presents the system model. Section III introduces the BTBC scheme, and addresses the problem of joint UE grouping and beamforming optimization. The proposed optimization method is described in Section IV. Simulation results are provided in Section V, and Section VI offers a conclusion. 
, and E{·} denote the vector norm, vector diagonalization, and the expected value, respectively. The ceiling function is denoted as · . The minimum distance between two sets A, B is dist(A, B) min |a − b|, ∀a ∈ A, ∀b ∈ B.
II. SYSTEM MODEL
Suppose a BS operated under the FDD mode is equipped with a uniform linear array (ULA) of M antennas, and the BS serves K single-antenna UEs, where K < M . The UL and DL wavelengths are λ u and λ d , respectively. The antenna spacing of the ULA is denoted by D = λ u /2 > λ d /2. Furthermore, the difference between the center frequencies of DL and UL channels is assumed to be much smaller than either of the frequencies, which means λ u ≈ λ d . During DL transmission, the BS transmits the signal vector x ∈ C M to multiple UEs simultaneously. The signal received by UE k is
where h k is the DL channel vector and e k ∼ CN (0, σ 2 e ) is the white Gaussian noise.
A. CHANNEL MODEL
The DL and UL channels are composed by the superposition of R magnetic rays [21] . The baseband DL and UL channel vectors of UE k are, respectively, characterized as [22] 
where a k,r and b k,r are DL and UL ray gains, respectively. Subsequently, the DL and UL directions of the ray are
respectively, where θ k,r andθ k,r denote the DL AoD and the UL AoA of ray r, respectively. Let θ k be the centering angle and θ k denote the angular spread (AS) of UE k. Then, θ k,r is distributed in the range [23] 
The AS is assumed to be wide when the scenario of micro cell is considered [24] , whereas it is assumed to be narrow, i.e., θ k π , in the macro cell scenario [6] , [20] . The proposed precoding scheme is applicable to both of the scenarios.
B. ANGLE RECIPROCITY IN FDD SYSTEMS
The DL and UL channels of a UE are suggested to have similar angular characteristics if the center frequencies of DL and UL channels are close to each other or below a specific value [10] - [12] , [25] , [26] . A number of channel measurement studies have shown that the dominant AoDs of a UE's DL channel and the dominant AoAs of the UL channel are very similar [27] or highly correlated [28] . Therefore, the difference between the DL AoD and the UL AoA of a ray is assumed to be very small [12] , i.e.,
Particularly, the relative permittivity and conductivity of building materials were shown to be unchanging for frequencies below 10GHz in [29] . Hence, the DL AoD and the UL AoA of ray r in (4) are assumed to be identical within this frequency range [11] , [12] . Similar assumptions can be found in [10] , [25] , and [26] . Consequently, by substituting the equality version of (4) into (2), the relationship between the DL and UL ray directions becomes
This property is called angle reciprocity or angular reciprocity in the literature. Moreover, this property indicates that ray r of the DL channel propagates through the same path as that in UL with opposite directions. This suggests that the path loss effects on ray r of DL and UL channels are very similar if the center frequencies are close to each other. Therefore, the gains of ray r in DL and UL are assumed to have the same amplitude, i.e.,
given that the difference between the center frequencies of DL and UL channels is much smaller than either of them [10] . The above assumption is also consistent with the channel model in [24] , [25] . In summary, the assumption of angle reciprocity in [24] and [25] which indicates the equality version of (4), and (3), (6) are all considered for modeling the channel vectors in (1).
C. ANGULAR-DOMAIN CHANNEL CHARACTERISTICS
The characteristics of a channel in the angular domain are the spatial signature and dominant path directions, as illustrated in Fig. 1 .
is defined to contain most of the energy of the UL channel c k , i.e.,
where
c k is the normalized discrete-time Fourier transform of c k and η is a value very close to one. In practice, the UL spatial signature can be acquired by the BS using 1-D sliding window search and phase rotation after receiving UL preamble signals [11] , or it can be approximated by solving a multiple measurement vectors problem [30] . The dominant UL path directions are the locations where the channel energy is mostly concentrated on.
The dominant UL path directions can be estimated by the BS through UL preamble even though the second-order statistics of the received signal are unavailable at the BS. In the area of array signal processing, the well-known direction-of-arrival estimation methods, such as MUSIC [31] and ESPRIT [32] , provide great capability of estimating the dominant UL path directions. However, these methods are based on the second-order statistics of the received signal. On the contrary, in the area of wireless communications, the BS is able to estimate the dominant UL path directions based on the instantaneous transmitted signals, e.g., preamble signals, instead of the second-order statistics. Some example methods can be found in [20] and [33] . Specifically, the directions are estimated by detecting the peaks of |C k (ω)| 2 , ω ∈C k , where the UL channel vectors c k , k = 1, · · · , K are naturally available at the BS after UL preamble. Hence, the dominant UL path directions of UE k are denoted as
k is the pth largest peak of |C k (ω)| 2 and P k is the number of paths detected by the BS. The rays whose directions are very close to each other are usually detected in the same path by the BS. Consequently, the number of detected paths is P k < R.
The DL and UL channels of a UE share similar characteristics in the angular domain because of angle reciprocity and the localization property of AoAs/AoDs in (3). Therefore, the characteristics of a DL channel can be estimated by the BS through obtaining that of the UL channel. Specifically, all of the UEs transmit mutually orthogonal pilot sequences to the BS to estimate the UL channel vectors and characteristics for each UE. Then, the BS estimates the DL channel characteristics based on the UL ones. Now, let the pth DL path direction ω (p) k denote the location of the pth largest peak of
, and the DL spatial signature
However, the BS is unable to estimate the above DL channel characteristics directly because it does not have the information of h k , ∀k = 1, · · · , K . By taking advantage of angle reciprocity in (5), the DL path directions of UE k are estimated as
and all of the DL path directions are in the DL spatial signature, which is estimated as
Hence, the BS is able to estimate C k and {ω
p=1 after obtaining the estimates of the UL spatial signature and the UL path directions without DL training and UL feedback.
III. BEAM-TIME BLOCK CODING
In the BTBC scheme, STBC-based data encoding and directional beamforming targeting a number of paths are exploited. Specifically, the BS selects ω
M is the number of selected paths, and then beamforms the encoded data symbols through these paths. To mitigate interference, all of the UEs are divided into a number of groups. A group of UEs are served by the BS simultaneously in a time frame, and another group of UEs are served in the next one. Clearly, reducing the group number contributes to enhancing spectral efficiency because all of the UEs are served in a shorter period of time.
The block diagram of BTBC-based DL data transmission is illustrated in Fig. 2 . Let the beamforming matrix for UE k be
where w k,l ∈ C M is the beamforming vector targeting ω
The design of the beamforming vectors will be presented in Sec. IV-B. Let S k be an L × N STBC-encoded data symbol matrix dedicated to UE k, where N is the block size. For simplicity, orthogonal STBC (O-STBC) [14] is adopted. Hence, the encoded data symbol matrix satisfies
. Now, suppose the UEs are divided into G groups, and denote U g , g = 1, · · · , G as the set including the indices of UEs assigned to group g. Then, the received signal block of UE k in group g is
where U g = U g \ {k} and e k ∼ CN (0 N , σ 2 e I N ). The second term of the above equation implies interference between UEs in the same group, which is eliminated if
Define the beam response of the beamforming vector w k,l as
By substituting the DL channel vector in (1), the above definition, and (10) into (12), the lth entry of the product h
Intuitively, one sufficient condition of UE grouping and a beamforming design that assures interference elimination is
However, the above condition is impractical for a BS equipped with a size-limited ULA, since it is usually unable to estimate every ω k,r , especially in a rich-scattering environment. The DL spatial signature in (9) can be exploited for interference elimination. In [11] , the DL spatial signature of UE k was shown to be C k = (min 1≤r≤R ω k,r , max 1≤r≤R ω k,r ) as M → ∞ and η → 1. Therefore, all of the DL ray directions of a UE are assumed to be in the DL spatial signature, i.e., ω k,r ∈ C k , ∀r = 1, · · · , R. By taking advantage of this assumption, the condition in (13) is modified as
Again, the above condition is impractical because it requires infinite number of BS antennas. A well-known approach to approximate (14) is inducing constraints on the magnitude of the beam response W u,l (e jω ). Define
u + ω, π where ω π is called the direction spacing. Subsequently, the constraints on the magnitude of W u,l (e jω ) for approximating (14) are expressed as
and
where ρ is chosen as a value very close to zero. Although the above constraints do not lead to comprehensive interference elimination, the resulting interference power can be low enough to be negligible given a very small ρ. Notably, the spacing ω is introduced so that a feasible beamformer to (15) given a small ρ can be obtained. Suppose the interference is eliminated and assume UE k obtains the perfect estimate of h T k W k . O-STBC decoding is performed accordingly by the UE.
IV. JOINT UE GROUPING AND BEAMFORMING
A joint UE grouping and beamforming optimization algorithm is proposed. The goal of the proposed algorithm is to minimize the group number G while (15) and (16) are satisfied. The joint optimization problem is first divided into two sub-problems: i) UE grouping with (16) and ii) beamforming optimization with (15) . A UE grouping method and a beamforming optimization method are proposed to solved the two sub-problems individually, and then the joint optimization problem is solved by the proposed algorithm. The computational complexity of the proposed algorithm is analyzed at the end of this section.
A. UE GROUPING
The goal of UE grouping is to minimize the number of UE groups, while interference between UEs in the same group is mitigated through beamforming. Therefore, any grouping solution should satisfy (16) . The selected DL path directions and the DL spatial signatures of all UEs are exploited.
Remark 1: In contrast with the existing UE grouping methods in [15] - [17] , the proposed UE grouping method does not need the information of DL CCMs. VOLUME 6, 2018 Two grouping criteria that carry out (16) are presented. The first UE grouping criterion is a sufficient condition of (16) given in [11] : the DL spatial signature of a UE should not overlap with that of the other UE, and are separated by the spacing ω. That is,
for any k, u ∈ U g , k = u. However, this criterion is too strict for minimizing G because requiring that C k and C u are nonoverlapped is not necessary. Therefore, the second grouping criterion, which also leads to (16) , is proposed. Specifically, criterion 2 is that the selected path directions of a UE should not overlap with the other UE's DL spatial signature, and are separated by the spacing ω, and vice versa. Definê
as the set of UE k's selected path directions. Consequently, criterion 2 is expressed aŝ
for any k, u ∈ U g , k = u. Notably, the grouping solution which is obtained based on 17 also satisfies 17, but the converse is not true. By contrast, UE grouping based on 17 usually leads to a smaller group number because it is more permissive, as illustrated in Fig. 3 . The proposed UE grouping method is presented in Algorithm 1. The idea of the proposed method is to group a pair of UEs with the minimum distance that satisfies (17) or (17) so that more UEs can be gathered into a group, thus the number of groups can be reduced. Define the distance between a pair of UEs as
At the beginning of the algorithm, there are K groups, and each of them contains a UE. In an iteration, two groups are merged if they have the minimum distance among any other pair of groups, which is
and any pair of UEs in the merged group should satisfy at least one of the grouping criteria. Therefore, the pair of the merged groups that has the minimum distance is found in the set
The loop of the grouping algorithm stops when there are no mergeable groups. Now, suppose groupq is merged with groupĝ, which means (ĝ,q) = arg min (g,q)∈I g,q .
Algorithm 1 UE Grouping
Output: G, and U g G g=1
where G = |K| Then, the following updates are executed before the next iteration starts. First, the sets Uĝ and Uq are, respectively, updated as Uĝ ← Uq ∪ Uĝ and Uq ← ∅, since the UE indices in groupq are merged into groupĝ. Subsequently, the setK is updated by removingq because Uq is emptied. Finally, the distance between groupĝ and group q, q =ĝ is updated as the minimum of the distance between groupsĝ, q and that between q,q, i.e., ĝ,q ← min ĝ,q , q,q , and q.ĝ ← ĝ,q , q ∈K, q =ĝ. These operations continue until I is an empty set.
B. BEAMFORMING OPTIMIZATION
A beamforming optimization method is proposed given a direction spacing ω, a targeted path direction, and a predetermined positive value ρ. To contribute energy efficiency, the beam response of the targeted direction has the largest magnitude while (15) is assured, and the energy of the beamformer, i.e., the norm of the beamforming vector, should be minimized. For simplicity, the beam response of the targeted direction is constrained as one. Therefore, the beamforming optimization problem is formulated as
However, optimizing the beamforming vectors
To scale down the computational complexity of beamforming optimization, a prototype that targets the origin is designed. The desired beamformer is then obtained by shifting the origin of the prototype beamformer to the targeted direction. Specifically, the beamformer targeting the ˆ /π that corresponds to a ρ (M = 128).
where w ∈ C M is the prototype beamformer and (ω) = diag 1 e −jω · · · e −j(M −1)ω . By substituting (20) into (19) , the prototype beamformer optimization problem is formulated as
A common way for handling such a problem is to relax (21c) by discretizing ω ∈ S. Consequently, the relaxed problem is a typical convex optimization problem, which can be solved by using conventional convex optimization techniques [34] , such as interior-points methods. Suppose there are J uniformly-spaced samples of ω ∈ (−π, π], where J is usually a multiple of M [35] . Then, (21) is relaxed as
The above problem can be solved by some existing convex optimization toolboxes that adopt interiorpoints methods, e.g., cvx [36] . However, it could be the case that a solution to (22) is not feasible if its constraints are too strict, i.e., ω is too small for a given ρ. Therefore, the minimum ω of obtaining a feasible solution to problem (22) , denoted ˆ , is essential to the beamforming design. In practice, it can be computed offline by using bisection algorithm [37] and memorized by the BS. The table of ˆ for the proposed beamforming method and beamsteering, whose prototype is w = v * M (0), is demonstrated in Table 1 .
C. JOINT UE GROUPING AND BEAMFORMING OPTIMIZATION
A joint UE grouping and beamforming optimization algorithm is proposed given a ρ, the selected DL path directions, and the DL spatial signatures of every UEs. The goal of the algorithm is to determine ω for performing UE grouping and beamforming optimization.
Although adopting ω = ˆ guarantees a feasible prototype beamformer and an optimal grouping solution, the energy of the beamformer is greater than that (which is also feasible) with an increased ω. On the other hand, increasing ω might lead to a grouping solution with a larger G. Therefore, the optimal ω is the maximum that results in the same G as ˆ resulted in, and it should be searched in the set
where K = {1, · · · , K }. Accordingly, the proposed joint optimization algorithm is presented in Algorithm 2.
Algorithm 2 Joint UE Grouping and Beamforming
Input: ρ, {D k } K k=1 , and
Output: W k , ∀k, G, and U g G g=1
Find the corresponding ˆ to ρ according to Table 1 Calculate
UE Grouping: Execute Algorithm 1 Obtain a temporarily grouping result {U
Beamforming Optimization
To obtain w, solve (22) by using cvx [36] 
Remark 2: The UE grouping, scheduling, and beamforming methods in [15] - [17] need DL training and UL feedback to acquire DL CCMs and the instantaneous DL CSI. By contrast, the proposed joint optimization method needs the information of DL spatial signature and the DL path directions, which can be acquired efficiently without DL training and UL feedback.
D. COMPLEXITY ANALYSIS
The computational complexity of the proposed UE grouping algorithm is O(K 3 ) for either 17 or 17, which is calculated as follows. Calculating the distances in (17) of every UE pair requires the complexity of O(K 2 ) for 17 or O(K 2 L) for 17. The above complexity is simplified as O(K 2 ) for either of the grouping criteria because L is usually a small number. The complexity of finding the merged group pair in an iteration is O(K 2 ), and the number of iterations is O(K ). The complexity orders of obtaining beamformers as in (20) and solving (22) are O(MLK ) and O(M 3.5 ) [38] , respectively. Since L M and K < M , the complexity of beamforming optimization is expressed as O(M 3.5 ).
In summary, the complexity of Algorithm 2 is expressed as O(M 3.5 + TK 3 ) where T denotes the number of iterations for finding the optimal ω. The number of iterations is O(K 2 ). Consequently, the complexity of the proposed joint optimization algorithm is O(M 3.5 +K 5 ). Note that finding the minimum ω k,u in in an iteration can be implemented by using sorting algorithms with complexity O(K 2 log 2 K ) [39] . Therefore, the complexity of the above operation is neglected.
V. SIMULATION RESULTS
Some numerical results are provided to demonstrate the advantage of the proposed BTBC scheme. The parameters used in our simulations are listed below:
• The number of BS antennas: M = 128 • The number of UEs: K = 32 • The number of rays: R = 100 The ray gains of the DL channel in (1) are independently and identically distributed as a k,r ∼ CN (0, 1), ∀r = 1, · · · , R. A ray gain of the UL channel in (1) has the same amplitude as that in DL, and its phase is distributed as b k,r ∼ U (−π, π). The DL and UL carrier frequencies are 3 GHz and 3.1 GHz, respectively. All of the centering angles of UEs are gathered into 8 angular sources, which are uniformly located in the range (−70 • , 70 • ), i.e., the centering angle of UE k is
The AS is chosen as θ k = 4 • and 20 • , ∀k, and the distribution in (3) is uniform. The number of channel realizations used in our simulations is 10 3 .
The parameters for the proposed BTBC scheme with joint UE grouping and beamforming are listed as follows. The method for acquiring the UL spatial signature in [11] is adopted here with η = 0.98. The full-rate (L = N = 2) and a 3/4-rate O-STBCs (L = 3, N = 4) are deployed for data encoding. The encoded data symbol matrices in (11) with the full-rate and the 3/4-rate O-STBCs are
respectively. Criterion 2, as presented in Section IV-A, is adopted by BTBC for UE grouping. The previous precoding schemes that utilize UE grouping in [11] , and [15] - [17] are considered for comparison. These schemes need the information of DL CCMs or the instantaneous DL CSI. Therefore, DL training and UL feedback are required by these schemes. Their details are presented as follows.
a) Precoding with angle reciprocity: The scheme in [11] used τ contiguous orthogonal beams and MRT with SBEM, called MRT-SBEM. Here, MRT-SBEM adopts DL training with the proposed UE grouping method for UEs to estimate DL CSI, and feedback information of the estimated CSI is assumed to be perfect. The ratio of training sequence power to noise power is 20 dB. MRT-SBEM adopts criterion 1 for UE grouping. The direction spacing used by MRT-SBEM is ω = 0.0206π , which is the same as ˆ of the proposed beamforming method with ρ = −30 dB, as listed in Table 1 .
b) JSDM with UE grouping and scheduling: JSDM that adopts the UE grouping and scheduling methods in [15] - [17] based on DL CCMs of all the UEs is considered for comparison. The DL CCM of a UE is estimated by averaging over the channel realizations used in simulations, i.e., the estimated DL CCM of UE k iš
where N c = 1000 is the number of used channel realizations and h k (n) is the DL channel vector of the nth realization. With eigen-decomposition, the estimated DL CCM is expressed aš
where U k ∈ C M ×ν is the matrix of eigenvectors with ν denoting the number of nonzero eigenvalues, and k ∈ C ν×ν is the diagonal matrix of nonzero eigenvalues. In our simulations, the number of nonzero eigenvalues is usually ν = 6 for every UE. The previous UE grouping methods in [15] - [17] considered chordal distance, which is defined as
Specifically, K-means clustering and agglomerative hierarchical (AH) clustering methods are adopted for UE grouping in [15] - [17] . Note that a pre-determined group number G d is required by these grouping methods, and it is set as G d = 8 because there are eight angular sources. After UE grouping, all of the UEs are scheduled into different time frames, and the BS serves a number of UEs simultaneously in a time frame by employing two-stage beamforming. The greedy method proposed in [16] is applied for UE scheduling in JSDM. The approximate block diagonalization technique in [17] is adopted for pre-beamforming design. The effective DL channels of all the UEs, which are composed by the actual DL channels and pre-beamforming, are set as known by the BS. This setting indicates noise-free DL training and UL feedback with unlimited overhead, thus it is utterly ideal for JSDM. Accordingly, the zero-forcing beamforming method is adopted for designing the second-stage beamformers.
A. CDF OF GROUP NUMBER
To compare the performance of the proposed UE grouping method based on the two criteria, the results of the group number's cumulative density function (CDF) are demonstrated in Figs. 4 and 5. Note that criteria 1 and 2 are adopted by MRT-SBEM and BTBC, respectively. In Fig. 4 , one can observe that BTBC usually possesses smaller group numbers than MRT-SBEM does, and the group number of BTBC decreases when L is smaller. In addition, it is more likely to obtain a smaller G while the constraint (21c) is relaxed by feeding a greater ρ, since the corresponding ˆ is smaller. In Fig. 5 , it is also observed that BTBC has higher probability of obtaining a smaller G than MRT-SBEM although the advantage of BTBC is not that obvious. It is because the ray directions of channels are more localized so that UE grouping based on either of the criteria preforms pretty well.
B. BER PERFORMANCE COMPARISON
QPSK without channel coding is adopted for BER simulations. The results of BER simulation with QPSK are demonstrated in Figs. 6 and 7. The bit energy is E b = E s /2 because QPSK is adopted. In Fig. 6 , it is observed that BTBC usually outperforms MRT-SBEM in regimes of higher transmission energy. For instance, BTBC with L = 2, ρ = −30 dB outperforms MRT-SBEM with τ = 2 for E b /N 0 ≥ 25 dB. It is because BTBC employs the proposed beamforming method so that it is less prone to interference. On the other hand, BTBC possesses some performance disadvantage in contrast with MRT-SBEM in regimes of lower transmission energy. For instance, BTBC with L = 2, ρ = −30 dB loses to MRT-SBEM with τ = 2 by 2 dB for BER equal to 10 −2 . The performance gap between MRT-SBEM with τ = 3 and BTBC with L = 3, ρ = −30 dB even increases to 6 dB. In Fig. 7 , it is observed that BTBC with L = 3 possesses approximated 3-dB performance disadvantage compared to MRT-SBEM with τ = 3, but the disadvantage becomes less obvious in regimes of higher transmission energy. All of these results suggest that BTBC has a comparable performance to MRT-SBEM even though training and feedback are not available. In addition, the proposed joint optimization method for BTBC is effective on mitigating interference. The BER simulation results of BTBC using the proposed beamforming and beamsteering methods are demonstrated in Figs. 8 and 9 . The direction spacing used by beamsteering is the same as that of the proposed beamforming method given a ρ, as listed in Table 1 . Consequently, the group numbers of beamsteering and the proposed method are equivalent. In Fig. 8 , one can observe that BTBC with the proposed beamforming method outperforms that with beamsteering in regimes of high transmission energy. This observation suggests that the proposed method is effective on mitigating interference between UEs in the same group. Moreover, they have similar performance in regimes of lower transmission energy. It is because the energy cost of beamforming design for interference mitigation is minimized by the proposed joint optimization algorithm. In Fig. 9 , it is observed that the BER performance of BTBC with the proposed method is very similar to that of BTBC with beamsteering. This observation indicates that interference between UEs is much more severe compared to the case of the previous figure. It is because more UEs are gathered into a group for θ k = 4 • , as demonstrated in Figs. 4 and 5 . Therefore, the proposed beamforming method seems to be more effective on mitigating interference for a scenario with a greater AS.
In Fig. 10 , the BER simulation results of the proposed BTBC scheme, MRT-SBEM, and JSDM using the K-means [15] and AH [16] , [17] clustering for UE grouping under the conditions of θ k = 4 • and θ k = 20 • are compared. It is shown that BTBC outperforms JSDM with AH UE grouping in regimes of higher E b /N 0 given θ k = 20 • , although JSDM with AH UE grouping possesses the best BER performance given θ k = 4 • . The main reason is that the pre-beamforming design based on the DL CCMs with a larger AS is less likely to result in strong instantaneous pre-beamforming gain, since the range of possible dominant path directions could be too broad to cover. MRT-SBEM that does not depend on DL CCMs also outperforms JSDM with AH UE grouping given θ k = 20 • because of the same reason. JSDM with K-means UE grouping has poor BER performance given either θ k = 4 • or θ k = 20 • because randomness is introduced in K-means clustering. Specifically, UEs from different angular sources could be gathered into the same group so that the corresponding prebeamforming design for the group is very likely to provide a weak gain. In summary, BTBC possesses comparable BER performance to JSDM with AH UE grouping for scenarios with a larger AS even though DL training and UL feedback are not available for BTBC.
C. AVERAGE WORST-UE BER PERFORMANCE COMPARISON
To examine the robustness of DL transmission using BTBC, the results of average worst-UE BER are demonstrated in Figs. 11, 12 , and 13. Specifically, it is calculated by averaging the worst UE's BER in each of the channel realizations.
In Figs. 11 and 12 , one can observe that the performance disadvantage of BTBC compared with MRT-SBEM, as demonstrated in Figs. 6 and 7, is lessened. For example, BTBC with L = 2, ρ = −30 dB is comparable with MRT-SBEM with τ = 2 in regimes of lower transmission energy in Fig. 11 , whereas it loses to MRT-SBEM by 2 dB in the same regimes in Fig. 6 . Moreover, the performance advantage of BTBC over MRT-SBEM is enlarged. Therefore, BTBC using the proposed joint UE grouping and beamforming optimization algorithm is robust during DL transmission in the absence of DL training and UL feedback.
The average worst-UE BER performance of the proposed BTBC scheme comparing to MRT-SBEM and JSDM with the UE grouping methods in [15] - [17] is demonstrated in Fig. 13 . It is observed that although JSDM with AH UE grouping has the best performance given θ k = 4 • , it loses to the proposed BTBC scheme in regimes of higher transmission energy given θ k = 20 • . This observation coincides with that in Fig. 10 . It is also because a larger AS is more likely to induce weaker pre-beamforming gain. Therefore, the proposed BTBC scheme possesses comparable performance to JSDM in scenarios with a larger AS. This also suggests the robustness of the proposed BTBC scheme even though DL training and UL feedback are not available.
VI. CONCLUSION
In this paper, a precoding scheme for FDD massive MIMO systems, called beam-time block coding (BTBC), has been proposed. In contrast with the conventional FDD MIMO precoding schemes, the proposed one is especially suitable for low-latency applications because it needs no DL training and UL feedback. A joint UE grouping and beamforming optimization method has been proposed to enhance spectral efficiency and mitigate interference between UEs during DL transmission. Simulation results indicated that BTBC using the proposed joint optimization algorithm possesses comparable BER performance to the existing UE grouping-based precoding schemes that require DL training and UL feedback. It was also demonstrated that BTBC-based DL transmission is robust in BER performance even though DL training and UL feedback are not introduced.
